Site-based data on patterns in terrestrial and wetland biodiversity were used to identify some major gaps in the comprehensiveness of the reserve system in a 75000 km 2 region on the mid-west coast of Western Australia. Data comprised lists of plants, birds, reptiles, frogs, mammals, ground-dwelling spiders, scorpions and centipedes from 63 terrestrial sites, and waterbirds, wetland plants and aquatic invertebrates from 51 wetland sites. The sites were positioned in a stratified array across the geographical extent of the region, but their number and dispersal was limited by the cost of sampling such a variety of taxa. Although this geographical sparsity limited the geographical resolution of the reserve selection procedures, a distinct lack of cross-taxon congruence in the geographical patterns of taxa implied that data on a range of taxa should be used to design the region's reserve system. We specify the biological characteristics and pattern of occurrence of 12 terrestrial communities and eight wetland-types that need to be added to the reserve system.
INTRODUCTION
The Carnarvon Basin study area covers 75 000 km 2 • It is centred on Shark Bay in Western Australia, and extends northwards from the Murchison River to the Minilya River, and eastwards to beyond Gascoyne Junction (Figure 1) . In phytogeographic terms, the study area comprises the northern half of the Irwin District of the Southwestern Province, as well as the southern half of the Carnarvon District of the Eremaean Province (Beard, 1980) . The area south of Shark Bay has a semi-arid climate influenced by temperate weather systems (mainly winter rainfall). From Shark Bay northward, the climate is influenced by both tropical and temperate systems; semi-arid at the coast, but arid with locally unreliable summer and winter rainfall further inland.
The region is a lowland characterised by gentle gradients on a basement of soft sediments. Under a variety of past climates, interacting alluvial and aeolian processes have produced a complex landscape mosaic ( Figure 2 ) that has been further modified by extensive coastal transgressions associated with sea-level changes (Wyrwoll et al., 2000) . Alluvial plains dominate, although erosional uplands such as the Kennedy Range occur in its eastern parts. The plains are traversed from east to west by two large, ephemeral rivers lined with groves of river gum (Eucalyptus victrix): the Gascoyne and Wooramel. Low open woodlands of bowgada (Acacia linophylla) and snakewood (A. xiphophylla) over Atriplex, Senna and Eremophila shrubs and tussock grasses cover the plains, with Acacia grasbyi in areas where calcretes are exposed.
Low red sand ridges scattered across the plains support shrubs over mainly hummock-grasses. In northern parts, the plains grade into red sand dune fields that support hummock-grass and mulga (A. aneura) communities reminiscent of Australia's 'red centre'. The area of dune field in the east, between the Gascoyne and Wooramel Rivers, supports low open woodlands of Acacia coriacea and A. pruinocarpa over bunch grasses (Figure 2 ). In the south the plains support woodlands of Eucalyptus loxophleba and Callitris glaucophylla, with mallee, Banksia, Allocasuarina and Actinostrobus scrubs and heaths on greyish and yellow sand dunes. A strip of limestone that follows the coast southwards from Shark Bay is partially mantled by pale yellow to grey sands supporting low proteaceous heaths with emergent thickets of Banksia and mallees such as Eucalyptus illyarrie. White coastal sand dunes support Spinifex longifolius communities. Low-lying saline areas, such as the fringes of Lake MacLeod and the coastal flats, support samphire and saltbush communities.
The five major reserves in the study area, and their previously proposed extensions, are shown in Figure 1 . Even a superficial comparison of Figures 1 and 2 reveals major gaps in the reserve network with respect to 'land types' (Table 1) : of 17 geomorphic units recognised in Figure 2 , six were not represented in existing or previously proposed reserves. The existing reserve system covers less DOI: 10.18195/issn.0313-122x.61.2000.547-567 than 10% of the region (Thackway and Creswell, 1995) and is highly biased towards sand surfaces. Unreserved areas are subject to a variety of ongoing threatening processes, including grazing by stock and feral herbivores, predation by feral carnivores and colonisation by exotic plants (Thackway and Creswell, 1995) . For these reasons, the Australian Government's National Reserve System Programme listed the Carnarvon Bioregion in the highest priority category for reserve acquisition in relation to the other bioregions of Australia.
In this paper we use data collected during an ecological survey of the southern Carnarvon Basin (Burbidge et al., 2000) to identify gaps in the existing reserve system. Examples of some communities may not become available for reservation, even by land purchase, so conservation strategies to maximise their persistence are recommended where necessary. Conservation strategies are particularly important for protecting wetland communities, condition and persistence of which are usually linked as much to events in their catchments as to events within the wetland (Humphries and Robinson, 1995; Green et al., 1996; Brierley, 1998) .
The southern Carnarvon Basin study comprised two concurrent field surveys: one sampled its terrestrial ecosystems and the other its wetlands. Data matrices derived from these programmes could not be combined for analysis because they had no sampling points in common and shared few environmental attributes. Birds, mammals, frogs, reptiles, scorpions, centipedes, spiders and plants were recorded at terrestrial quadrats, while aquatic invertebrates, waterbirds, and both aquatic and peripheral plants were sampled at wetland sites. Soil chemical and textural attributes, as well as geomorphic properties, were determined at terrestrial quadrats, while water flow characteristics, seasonal persistence and chemistry were recorded at wetland sites. Nevertheless, the two field surveys provided complementary perspectives on biological diversity because the two sets of sampling points were scattered across the same geographical area.
Previous papers in this series examined patterns in the biological diversity of the southern Carnarvon Basin from the perspectives of the different organisms sampled. The patterns are summarised by Halse et al. (2000) and Gibson et al. (2000a) for wetland communities, and by McKenzie et al. (2000a) for terrestrial communities. This paper should not be used without prior reference to all three of these publications. Data-sets on three additional terrestrial groups were analysed individually -mygalomorph spiders (Main et al., 2000) , millipedes (Harvey et al., 2000b) and bats (McKenzie and Muir, 2000) . Additional analyses of wetland data undertaken in this paper are comparable to those of McKenzie et al. (2000a) , and aimed at showing patterns in the whole wetland community. Together, the terrestrial and aquatic community analyses provide a basis for identifying major gaps in the 'comprehensiveness' of the reserve system in the study area, but provide no data on either its 'adequacy' or its 'representativeness'. Definitions of these criteria are given by Woinarski and Norton (1993) and a practical interpretation is provided by JANIS (1996) . In summary, a comprehensive system contains an example of every ecosystem identified within the region, an adequate system contains parcels of land and populations of species that are large enough to be self-sustaining through time, and a representative system encompasses the variation within each ecosystem and species' population.
METHODS
Different sampling methods were used for terrestrial and aquatic biota, with the most important difference being the way sampling 'points' were defined. Wetland sampling was done at sites, which consisted of a variably-sized area of water around a GP5-located point. For waterbirds, all inundated parts of the wetland constituted the 550 + N Gibson . S A RaIse, . L McKenzle, . . N .. site unless the wetland was >50 ha (maximum size of a site); for wetland invertebrates, sampling was restricted to within 200 m of the GPS point and the maximum area available for sampling was about five ha. Plant species were recorded in a series of 1 m square quadrats in different vegetation zones in the water and on the bank near the GPS point. Thus, wetland sites were more loosely defined than terrestrial quadrats, which were permanently marked 200 m x 200 m squares, within which plants and animals were surveyed in a variety of ways. We use the term 'site' when referring to sampling points in wetlands, and quadrats when referring to terrestrial sampling points.
Environmental requirements of nearly all aquatic invertebrates in Australia are unknown (Williams, 1980) . Thus, ecological niches of wetland species in the southern Carnarvon Basin cannot be characterised in the way that McKenzie et al. (2000a) characterised requirements of terrestrial species. This precluded using gradients in the composition of wetland species assemblages in reserve design, although this approach has been used successfully for terrestrial ecosystems elsewhere in Western Australia (McKenzie et al., 1989; McKenzie and Belbin, 1991) . Thus, we have applied the compositional gradient approach to reserve selection to the terrestrial data, but used site classification to identify gaps in the reserve system for aquatic biota.
Terrestrial Biodiversity McKenzie et al. (2000a) classified the study area's terrestrial species into 13 assemblages of normally co-occurring species; several of these assemblages were represented at each quadrat, albeit to a greater or lesser extent. Herein, these assemblages are termed 'communities', and the broad-scale characterisation of their environmental niches 551 provided by McKenzie et al. (2000a) was used as a basis for enhancing the reserve system's comprehensiveness. This was feasible in this instance because most of the scaled deviance in community richness could be explained in terms of climatic and other mapped environmental attributes (McKenzie et al., 2000a) . There were four steps in the process. 1. We used the interpolation module in the computer package SYSTAT (Wilkinson, 1990, p. 271) to contour the species richness of each community across the study area. Although the species richness gradients of the communities were related to combinations of climatic and substrate factors (the GLM equations are listed in Table 5 in McKenzie et al., 2000a) , substrates were expressed as local soil-mozaics within regional climatic patterns. Thus, we could suppress the localised influence of the soil attributes on the contour maps by basing the interpolations on the maximum communityrichness value recorded from the quadrats in the vicinity of each campsite, excluding singletons (Table 2) . This had the additional benefit of reducing the effect of any spatial autocorrelations induced by the contagious distribution of the quadrats across the study area -they were clustered around the campsites (Roxburgh and Chesson, 1998) . The negative exponential smoothing option (NEXPO) was used because the point richness values were at least as high as our sampling programme indicated. 2. Climatic attributes were estimated for every 10 km square in the study area (using ANUCLIM), so that the richness contour maps could be corrected for any between-campsite Figure 2 Simplified surface stratigraphy of the Carnarvon Basin study area, modified from Hocking et al. (1987) using the relevant 1:250 000 maps (Butcher et al., 1984; Denman and van de Graaff, 1982; Denman et al., 1985; Hocking et al., 1982; Hocking et al., 1985; van de Graaff et al., 1983) . • = Terrestrial quadrats. / / indicate dune fields; 1, PB Lower Permian siltstones and quartz wacke; 2, Pw and Pk Permian siltstones, quartz wackes, quartz sandstones and shales; 3, St Silurian sandstone as fluvial sequence; 4, CP Carboniferous tillite, quartz wacke, siltstone and shale; 5, K Cretaceous sandstone, siltstone, conglomerate and shale (includes Ks, Kw, Kg, Kt and Kb); 6, T Tertiary calcarenite (includes TI, Tp, Tg and Tt); 7, Czd Cainozoic siliceous and ferruginous duricrust; 8, Czk Cainozoic calcrete duricrust (often includes exposures of K); 9, Qm Quaternary intertidal and supratidal flat deposits. Minor beach ridge, coastal dune and lake deposits; 10, QI Claypan and salt lake deposits of clay, silt, sand and gravel (includes coastal saline lakes: Qlb); 11, Qa Alluvial dominated: alluvial, colluvial and diluvial deposits, including valley calcrete. Associated with major drainage lines. Along active river courses it includes Cainozoic colluvium; 12, Qc Colluvium: Clay, silt, sand and gravel; sheet flood and soil creep deposits. Includes residual deposits; 13, Q Deposits of mixed origin: Alluvial, colluvial and aeolian clay, silt, sand and gravel; commonly on older alluvial and diluvial deposits partially reworked by aeolian processes; 14, Qep Playa and sand dune deposits: alluvial, diluvial and aeolian clay, silt, sand and gravel in mixed dune and playa terrain; commonly associated with major palaeodrainage; 15, Qe Aeolian dominated: reddish-brown to yellowish brown sand plains and dunes, including residual and re-worked areas and inter-dune deposits, and some dune and playa terrain; 16, Qs Aeolian dominated: coastal dune and beach ridge deposits of calcareous sand and calcarenite (Qbe); 17, Quaternary calcarenite exposures (Qb, Qt, Qk and Qd) . Finally, the optimum geographical positions for reserves were determined by using substrate maps and existing reserve boundaries as masks on the isoline maps.
Wetland Biodiversity
Analyses involved 51 wetland sites for which aquatic invertebrate, waterbird and plant data were available ( Figure 1 ). For nine wetland sites at which no waterbirds were recorded, the species label "no species recorded" was entered in the waterbird data-set as a pseudo-record. Singleton taxa were removed from the data-set for each biotic element, but sites with only one species were retained. The sites were classified into seven groups in terms of their aquatic invertebrate, waterbird and floristic attributes Halse et al., 2000) but all three classifications had different partition structures.
To determine which data-set provided the best surrogate of biodiversity patterns, we combined the three wetland data-sets to generate a fourth data set, comprising 389 wetland species (34 bird taxa, 253 invertebrate taxa, and 102 plant taxa), and in which the species richness at individual wetland sites ranged from 11 to 74. Next, we generated a wetland-site similarity matrix from each data-set, then plotted the four matrices in the same ordination space using inter-matrix correlation coefficients as the input data (McKenzie et al., 2000a) . This provided a measure of cross-taxon congruence -of how closely spatial patterns in wetland species composition coincided across the three phylogenetic groups.
No geographical interpretation of compositional gradients in each of the wetland communities was attempted because wetland composition related to local topographic, edaphic and/or temporal factors, rather than to altitudinal and climatic gradients Halse et al., 2000) . Reserve recommendations are based on the wetland site classification groups.
RESULTS

Terrestrial Biodiversity
The environmental domain of each community of terrestrial species was characterised in McKenzie et al. (2000a) . Compositional isolines for 12 of the 13 communities are mapped in Figure 3 and their climatic envelopes are mapped in Figure 4 . Figures  1 and 2 show the study area's existing conservation reserves and substrate-types, respectively. They summarise the 1 : 250 000 scale maps of land tenure and surficial stratigraphy that, as masks for the isoline maps, were used to assess reserve system requirements. Most substrate-types occur in more than one of the geomorphological regions recognised in the study area ( Figure 6 in Wyrwoll et al., 2000) , such as the 'Victoria Plateau' and the 'MacLeod Region', and could be further subdivided.
Community-l occurs on riverine frontages in the arid zone of Western Australia, an environment that is well developed along the W ooiamel and F i g u r e4 C l im a t i ce n v e l o p e so ft e r r e s t r i a l c omm u n i t i e s .T h e yw e r ed e r i v e df r om t h e c l im a t i cc om p o n e n t so ft h e G LM e q u a t i o n si nT a b l e 5o fM cK e n z i e e ta l . ( 2 0 0 0 a ) .C l im a t i c g r a d i e n t sw e r e n o tim p o r t a n ti nr e l a t i o nt o c omm u n i t y -I ,-8a n d-1 3 .a ,C l im a t i c s u r f a c ef o rC omm u n i t y -2 : L n ( r i c h n e s s ) = -O . 0 2 (A l t i t u d e ) + O . 0 0 4 (A l t i t u d e 2 ) -O . 0 2 (W e t t e s tQ u a r t e rP r e c i p i t a t i o n )+O . 2 4 ( T em p e r a t u r eD i u r n a lR a n g e ) ;b ,C l im a t i cs u r f a c e f o r C omm u n i t y -3 :L n ( r i c h n e s s )= 1 . 4 (W a rm e s tQ u a r t e rT em p e r a t u r e )-8 e -S (A v e r a g e A n n u a lP r e c i p i t a t i o n 2 ) ; c . C l im a t i c s u r f a c ef o rC omm u n i t y -4 : L n ( r i c h n e s s ) = O . 0 6 (W a rm e s t Q u a r t e r P r e c i p i t a t i o n ) +O . 6 1 (W a rm e s t Q u a r t e r T em p e r a t u r e ) ; d .C l im a t i c s u r f a c ef o rC omm u n i t y -5 : L n ( r i c h n e s s ) = -O . 0 0 6 (W e t t e s t Q u a r t e r P r e c i p i t a t i o n )-O . 0 0 2 (A l t i t u d e ) . -s e t so fi t sc om p o n e n ts p e c i e sw e r e r e c o r d e do nf l o o d p l a i n -q u a d r a t sa d j a c e n tt ot h e s e r i v e r s( e . g .G J 5 ) ( s e eF i g u r e1 2i n M cK e n z i e e ta l . , 2 0 0 0 a ) .A ne x am p l eo fr i v e r f r o n t a g e w i l ln e e dt o b e r e s e r v e d . C omm u n i t y -2 o c c u r so nf i n e -t e x t u r e ds o i l sa n d a s s o c i a t e ds a n d yl u n e t t e s ,i n c l u d i n gr i v e r i n e a l l u v i a ,i nt h ea r i dz o n e .I t sc l im a t i ce n v e l o p e ,a f u n c t i o no fa l t i t u d e ,w e t t e s t q u a r t e rp r e c i p i t a t i o n a n dt em p e r a t u r ed i u r n a lr a n g e ,s h ow e do n l y g r a d a t i o n a lc h a n g e sa tl o c a t i o n sb e tw e e nt h e s am p l e d p o i n t s( F i g u r e 4 a ) ,s o w ew o u l dn o te x p e c t s i g n i f i c a n t a n om a l i e si n F i g u r e3 af r om t h i s s o u r c e . H ow e v e r ,i n s p e c t i o n o ft h e r e l e v a n t tw o -w a y t a b l e (A s s em b l a g e -2i nF i g u r e 1 2o fM cK e n z i e e ta l . , 2 0 0 0 a )r e v e a l e dc om p o s i t i o n a ld i f f e r e n c e sb e tw e e n t h es p e c i e s -r i c he x am p l e so ft h i sc omm u n i t yi n n o r t h e r na n ds o u t h e r na r e a s ,a n dl o c a l l yi n r e s p o n s e t o s a l i n i t y . T or e p r e s e n t t h i s v a r i a t i o n ,t h e r e s e r v e s y s t em s h o u l d i n c l u d e a r e a so f f i n e -t e x t u r e d s o i l p l a i n sa n da s s o c i a t e dl u n e t t e s a t b o t ht h e n o r t h a n ds o u t he n do ft h ea r e ae n c l o s e db yt h e' 4 0s p e c i e s ' i s o l i n e ( F i g u r e s 3 aa n d 2 ) .
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Community-7 is associated with semi-arid woodlands of the temperate zone. The interpolated richness isolines are presented in Figure 3f . Combined, the climatic factors were at least as important as substrate; soil phosphorus reduced the scaled deviance of the GLM model from 505 to 378, the climatic factors then reduced it to 125 (see Table  5 in McKenzie et al., 2000a) . There was one anomaly in the continuous surface model of the relevant climatic factors that was liable to influence the community's species composition, but it was near Kalbarri, 40 km south of the study area ( Figure 4f ). In addition, inspection of the relevant two-way table (Assemblage-7 in Figure 12 of McKenzie et al., 2000a) did not reveal strong compositional variants in the south-eastern part of the Victoria Plateau ( Figure 6 in Wyrwoll et al., 2000) , so a single reserve would protect the compositional complexity of this community in the study area. The Toolonga Nature Reserve (Figure 1 ) straddles the 35-and 40-species isolines of Figure 3f .
Community-8 comprises Widespread species that associate with saline clayey soils; the climatic factors in the GLM model were artefacts because of the skewed occurrence of suitable environments in the substrates in the study area. Inspection of the relevant two-way table (Assemblage-8 in Figure 12 of McKenzie et al., 2000a) revealed compositional differences between the species-rich examples of this community found near CU and PE (the MacLeod and Peron Geomorphological Regions), 559 and those found on the Carnarvon Coastal Plain near BB ( Figure 3g )(see also Figure 6 in Wyrwoll et al., 2000) . The first variant of this community is already reserved on Francois Peron National Park, but an additional reserve is required for the second variant that was found in the areas around BB (Figures 1 and 2) .
Community-9 was associated with near-coastal sand surfaces in temperate, semi-arid parts of the study area. Interpolated richness isolines are presented in Figure 3h . Its climatic envelope, a function of wettest period precipitation, showed only gradational changes between the sampled points ( Figure 4g ), so we would not expect significant anomalies in the richness isoline map from this source. In addition, inspection of the relevant two-way table (Assemblage-9 in Figure 12 of McKenzie et al., 2000a) did not reveal compositional variants in this strongly localised community, so a single reserve on the sand dunes in Edel Land (Figures 1 and 2) would protect its compositional complexity.
Community-10 is associated with sub-tropical, near-coastal red sand surfaces from Carnarvon to Exmouth, although the two hummock grasses (Triodia basedowei and T. pungens) have wider distributions across arid Australia. Interpolated richness isolines are presented in Figure 3i . Its climatic envelope, a function of latitude, wettest period precipitation and temperature annual range, was important, reducing the scaled deviance in the GLM model from 278 to 58 (Table 5 in McKenzie et al., 2000a) . But since this envelope showed only gradational changes between the sampled points ( Figure 4h ), we would not expect significant anomalies in the richness isoline map from this source. In addition, inspection of the relevant twoway table (Assemblage-10 in Figure 12 of McKenzie et al., 2000a) did not reveal compositional variants in this strongly localised community. A single reserve in the red sand dune fields along the coast north of Cape Cuvier (Figures 1 and 2) in the MacLeod Geomorphological Region ( Figure 6 in Wyrwoll et al., 2000) is required to protect this community.
Community-11 comprises Widespread temperate zone species of the arid, semi-arid and often the mesic; in the study area, they converge with the coast. Interpolated richness isolines are presented in Figure 3j . The relevant climatic envelope, a function of longitude and annual average temperature, was more important than substrate, reducing the scaled deviance in the GLM model from 828 to 216 ( Table 5 in McKenzie et al., 2000a) . But since average annual temperature and, of course, longitude showed only gradational changes between the sampled points, we would not expect significant anomalies in the community richness isolines from this source. However, inspection of Coefficients of correlation between the association matrices derived from waterbird, wetland invertebrate, wetland plant, and 'combined wetland' data-sets, plotted in twodimensional ordination space. Stress =0.16. Saline Wetlands Group I. Birridas are coastal saline pans, most common around Shark Bay, that often contain a raised, samphire-covered central area formed by precipitation of gypsum, which is surrounded by a 'moat'. Some (e.g. CB29a) are already protected in Francois Peron National Park but additional examples should be conserved. CB15 on Edel Land was closest to the group centroid.
Group II. The more inland saline pans are also of (older) marine origin. Although species-poor, the example sampled (CB25) appeared biologically
Wetland Biodiversity
Wetland plants, wetland invertebrates and waterbirds showed clear differences in their patterns of occurrence ( Figure 5 ). The 'combined wetland taxa' data-set was nearest neighbour to all three of its biotic components, and provided a useful summary of patterns in wetland biodiversity across the Basin.
The wetland sites sampled are shown in Figure 1 . Eight groups of wetlands were recognised from the classification dendrogram derived from the 'combined wetland taxa' data-set ( Figure 6 ). Brief descriptions of these groups are given below. Groups I to III were saline wetlands and corresponded to the primary division in the dendrogram. The second split separated wetlands of rivers, streams and seeps (groups IV to VII) from seasonal claypans (group VIII). compositional variation. According to Figures 1 and 2, the community occurs in the Zuytdorp Nature Reserve.
the relevant two-way table (Assemblage-ll in Figure 12 of McKenzie et al., 2000a) revealed compositional differences between the species-rich examples of this community. Variants were associated with (1) temperate near-coastal areas from PE southwards; (2) semi-arid sandy and limestone surfaces found along the mid-latitude coast of the study area to BB and extending into semi-arid areas of the adjacent Avon and Coolgardie Bioregions; (3) the temperate zone generally, with a component of species that approach their northern limits at Shark Bay but follow the coast even further northward to CU (Figures 1 and 2) . A species-rich example of the first variant of this community is already reserved on Francois Peron National Park and others occur in the area near NA proposed above for Community-6. An additional reserve, which should include an area of white beach dunes with Spinifex longifolius (Figure 1 ) as well as red dunes and swales, is required for the other variants in the vicinity of CU.
Community-12 occurs as heaths and scrubs in mesic to semi-arid areas of the temperate zone and is associated with sandy surfaces, sometimes mantling limestone. It is at its northern limit in coastal areas south of Shark Bay. Interpolated richness isolines are presented in Figure 3k . Its climatic envelope, a function of the interaction between annual average precipitation and coldest quarter temperature, was important, reducing the scaled deviance in the GLM model from 824 to 115 ( Table 5 in McKenzie et al., 2000a) . This envelope showed anomalies to the south and north-west of the sampled points at ZU ( Figure  4i ), and we would expect a significant increase in the community richness south of ZU from this source, although there were only gradational changes in the climatic envelope between the sampled points elsewhere. Inspection of the relevant two-way table (Assemblage-12 in Figure 12 of McKenzie et al., 2000a) revealed considerable local variation along the 20 km east-west transect sampled by the ZU quadrats. While a single subcoastal reserve should be sufficient, it will need to be large -within the 45-species isoline of Figure 3k and extending eastwards across the sand ridge and sand plain surface of the southern Victoria Plateau ( Figure 6 in Wyrwoll et aI., 2000) as far as the North West Coastal Highway (Figures 1 and 2) . The Zuytdorp Nature Reserve, its proposed extensions, and the proposed extensions to Kalbarri National Park, encompass this area.
Community-13 comprises mesic to semi-arid specialists of sand and limestone surfaces that need to be close to the coast to even penetrate the southwestern corner of the study area( Figure 31 ). Inspection of the relevant two-way table (Assemblage-13 in Figure 12 of McKenzie et al., 2000a) shows that it was sampled at only two adjacent quadrats, which is insufficient to assess its (Woinarski and N orton, 1993) , the hydrological continuity of Lake MacLeod system means that preservation of small sections of the lake in isolation will be ineffective but the areas of permanent inundation on the western shore in the central and northern parts of the lake are particularly important. Coastal mangrove communities also occur in the southern Carnarvon Basin; these were not sampled and their conservation needs are not addressed in this paper.
Riverine Wetlands
Group IV. Two types of site in this group warrant protection: 1.
Main channel sites on the lower Murchison River. One of the sites sampled (CB4) occurs in Reserve number 13126, an unvested camping reserve immediately adjacent to Kalbarri National Park. The wetland-type also occurs further downstream in Kalbarri National Park, which probably represents adequate conservation.
2.
Eucalypt swamps on the Murchison River floodplain represent a distinct and biologically rich type of wetland, examples of which need to be conserved. CB6a was sampled but similar wetlands occur nearby. The bore swamp CB20 is not considered in terms of the reserve system because it is artificiaL Group V. This group consisted of sections of streams. Although some of the streams do not flow permanently, they are probably all spring-fed and are vulnerable to grazing and trampling by livestock, if the streams are used as watering points. Reservation of small sections of stream, in isolation, wilt not protect this habitat-type and its biota because surrounding land-use and upstream activities can have a major effect on site-condition. Streams need to be included in large reserves and/ or integrated catchment management will be required. CB62, at the south end of the Kennedy Range, is a good example of a stream site suitable for conservation.
Group VI. Large river/rock pools on Gascoyne and Wooramel Rivers are biologically distinctive, as well as often being attractive. They have similar species richness to their counterparts along the Murchison River (Group IV) (mean richness = 58.4 versus 52.8, respectively), but are much richer than either streams or seeps (Group V -37.5, Group VII -18.0). Representative river and rock pools need to be protected. Sites such as CB93d on the Wooramel River should be included in large reserves. Many river and rock pools are used for watering livestock and as tourist areas (e.g. CB44 -Rocky Pool on the Gascoyne River). In conjunction with catchment management, some of these pools could be fenced N.L. McKenzie, S.A. RaIse, N. Gibson and water pumped from the pool into adjacent troughs.
Group VII. Seeps or small springs are uncommon in the southern Carnarvon Basin, but form a biologically distinct group that is particularly vulnerable to grazing, trampling, and other disturbance. Several representatives should be protected. CB62c, adjacent to the Kennedy Range National Park, is a good example of the sort of sites that need to be conserved.
Claypans
Group VIII. Vegetation, and to a lesser extent birds, did not distinguish claypan habitats in the same way as invertebrates. Because the influence of turbidity on the invertebrate community varies according to stage in the drying cycle as well as soil type, patterns associated with turbidity are largely artifactual and will vary between years. In the longterm, most claypans probably provide habitat for the same pool of invertebrate species, so claypans have been treated as a homogeneous group for the purposes of conservation. Nevertheless, there was more variation within the claypan community than existed between some other groups, and a large pool of patchily distributed species (see Figure 6 in Halse et al., 2000) . Because of this variation, four claypans are recommended as typical of sites suitable for reservation: CB54, CB75a, CB70b and CB75b. The diversity of claypan communities suggests that a large number will need to be protected to provide adequate conservation of their biota. These should cover the full geomorphic spread of the study area and, as far as possible, claypans should be included within larger terrestrial reserves.
Only the main channel sites in the lower Murchison River are adequately reserved, the other wetland groups identified during this survey require protection by reservation or other means.
DISCUSSION
Land-class mosaics, defined in terms of both biotic and abiotic elements of the landscape, have frequently been used as a surrogate for biodiversity pattern in land-use planning (Pressey and Nicholls, 1991; Brooker and Margules, 1995) . Belsky (1995) demonstrated the strong relationship between landscape pattern and flora and fauna, and stressed the importance of soil moisture, geomorphology and edaphic properties as the primary 'creators' of pattern in African savannas at the landscape scale. Given that Carnarvon Basin species often cooccurred at a site in response to different environmental attributes (McKenzie et al., 2000a) , our compositional gradient approach to reserve selection is based on a more realistic model of patterns in the region's terrestrial biodiversity than Reserve System Gaps a land-class strategy would have provided. In addition, the isoline maps from the compositional gradient procedure provided an explicit focus for reserve positioning, thereby enhancing both flexibility and efficiency (Margules and Austin, 1991; Howard et al., 1998) .
Furthermore, in view of the distinct lack of crosstaxon congruence (sensu Howard et al., 1998) in our study area's terrestrial (McKenzie et al., 2000a) and wetland (results herein) biota, a reserve system defined using only a few landscape attributes was unlikely to be efficient in representing the region's biodiversity. It is this lack of cross-taxon congruence that justifies our decision to sample an expanded biodiversity domain even though this decision also reduced the number of quadrats and sites that could be sampled.
Alternative reserve selection strategies, based on land-classes or single taxa, would have been too shallow in biodiversity terms. The option of modelling each species individually, and selecting a minimum set of sites from their distributions was not viable because we would have had to derive more than 700 statistical models, and 45% of the species were recorded at less than 3 quadrats. Given the clumped distribution of the quadrats, a high proportion of the species models would not have be-en robust.
Being based on just 63 terrestrial quadrats and 51 wetland sites, with a combined area of less than 0.025% of the study area, our data were geographically sparse. Twenty-one percent of terrestrial species occurred at only one quadrat despite being known from other locations in the study area or outside it. This high proportion of singletons indicates that many more quadrats would need to be sampled if models were to represent the species-complexity of the study area even for array of terrestrial organisms that we were able to sample.
The geographical sparsity of the data meant that we could only identify major gaps in the comprehensiveness of the reserve system. For instance, floristic survey of 100 additional quadrats on sandplains in the southern end of our study area showed that a variety of distinct localised communities were overlooked by our broad-scale study and, even then, more than 25% of their vascular flora was naturally rare (Gibson et al., 2000b) , a level of geographical variation that did not emerge from our Zuytdorp and Nerren Nerren data. The clumped distribution of the quadrats meant that some communities were only sampled in the vicinity of a single campsite. For instance, Community-13 was sampled only at the ZU quadrats. This would result in a model that underrated the community's area of occurrence, yielding a conservative result. Both the sparsity and the quadrat-distribution issues are offset by the 563 substantial areas of the reserves proposed herein, but the system will need to be refined as dataresolution improves.
. Mygalomorph spiders, millipedes and bats were not included in the terrestrial data matrix used for reserve selection. The mygalomorphs and millipedes conformed with similar environmental gradients to the ground-dwelling araneomorph spiders -coldest/wettest quarter precipitation and soil carbon (Main et al., 2000; Harvey et al., 2000a Harvey et al., , 2000b . In relation to the bats, McKenzie and Muir (2000) concluded that the study area straddles a biogeographical boundary, and that three reserves would satisfy comprehensiveness and representativeness criteria at the species level: 1 rugged escarpment country, and springs with River Gum stands, in and around the Kennedy Range. 2 woodlands near Nerren Nerren and 3 an area of the Gascoyne River frontage near Carnarvon. The first of these would be encompassed by extending the Kennedy Ranges National Park (recommended above in relation to 'terrestrial community-3'). Toolonga Nature Reserve provides for the second, and the third expands our recommendation for 'terrestrial community-1'.
In pragmatic terms, the adequacy criterion in reserve system design relates mainly to extent and condition (JANIS, 1996) . The 11 terrestrial reserves recommended herein address gaps in coverage at regional scales. Their biota will continue to face a range of internal and external problems such as invasive weeds, feral herbivores and introduced predators (e.g. buffel grass, rabbits, goats, foxes). Most will continue to be surrounded by production lands where soil erosion is pervasive and in which vegetation cover/composition has changed in response to grazing by livestock (Payne et al., 1980) . The number of mammalian extinctions that has occurred in the region during the last century provides some indication of the effect of these processes (McKenzie et al., 2000b) . Given this context, we recommend that the reserves have an average area of 100 000 ha, and a minimum area of at least 10 000 ha even where an existing reserve is contiguous.
Six issues emerge in relation to the selection of sites for reservation or alternative protection: 1. The study area's terrestrial quadrats and wetland sites had a high proportion of naturally rare species -21% of terrestrial and 33% of wetland species were only recorded at one site. Most quadrat-based studies of vascular flora have found 25-55% singletons (Gibson et al., 1994; Wardell-Johnson and Williams, 1996; Gibson et al., 2000b) . Similar levels of rarity have been previously reported from wetlands in the south-west of Western Australia, in which surveys of aquatic invertebrates have recorded 24-35% of taxa from only one wetland (Davis et al., 1993; Edward et al., 1994; Bayley, 1997) . This makes species conservation extremely difficult at a regional scale because, to ensure representativeness (sensu W oinarski and Norton, 1993), a high proportion of areas need to be conserved. 2. Wetland surveys conducted over a short period of time (less than 10 years) are unlikely to sample a wide range of environmental conditions and may fail to detect significant biological communities (Halse et al., 1998a, b) .
Many wetlands in the Carnarvon Basin were dry, or in the final stages of drying, on all three sampling occasions. Drier 'crabhole' swamps, saline pans east of Shark Bay and some large swamps on Mardathuna Station are examples of physiognomically distinctive wetlands that were poorly sampled or not sampled at all (Halse et al., 2000) . Thus, wetland reserve selection was adversely affected by lack of rainfall in parts of the study area. The wetland survey also suffered from the sparsity of sites sampled because of limited resources, which adversely affected the information base for reserve recommendations. 3. Single examples of each wetland-type are also unlikely to provide long-term conservation because wetlands function as a network for certain species, where resources (food and water) are continually redistributed among the members. Wetland birds are the most obvious example and often access wetlands over a very large area, especially Palaearctic shorebirds. But many aquatic insects are also highly mobile and re-colonise seasonal wetlands from more permanent waterbQdies. Depending on the pattern of variability of individual patches, the less mobile invertebrate and plant species also occasionally need to re-colonise sites from which they are extirpated by drought, fire, grazing, predation and other disturbances. 4. The large size of proposed terrestrial reserves will increase the likelihood they contain an array of subtly different plant and animal communities, some of which may have been overlooked in the sparse sampling program (see above). Wetlands are discrete units that usually show little internal variation, especially if they are small. Therefore, several examples of each wetland-type identified in this paper should be protected to ensure that all typical wetland communities in the region are conserved.
5.
Off-reserve management issues are particularly significant in wetland conservation because wetlands are low in the N.L. McKenzie, S.A. RaIse, N. Gibson landscape and are directly affected by changes elsewhere in their catchment (Brierley, 1998) .
In the Carnarvon Basin, this problem is exacerbated by the small size of most playas and the narrow, linear shape of watercourses. Heavy grazing pressure by stock has reduced vegetation cover and, in some cases, led to erosion in much of the region. Payne et al. (1980) found more than half the area of some land systems to be in poor condition, including the delta floodplain system along the lower reaches of the Gascoyne, Minilya and Wooramel Rivers. Earlier work classified 14% of the Gascoyne 'Basin' as badly eroded and 52% as degraded, with some erosion (Wyrwoll et al., 2000) . Reducing erosion is important to the conservation of wetlands in the Carnarvon Basin. 6.
Conservation of aquatic communities will require protection of a comparatively large number of wetlands, as well as sympathetic catchment management. Reservation will not always be the most appropriate means of achieving wetland protection, especially when wetlands are small. In some cases it may be more appropriate to pay lease holders to provide alternative watering points so they can fence stock out and manage wetlands primarily for conservation than to acquire them as reserves. This could be achieved by formal covenanting arrangements or more informally.
Landscape Context
In this paper we have define 12 terrestrial communities and eight wetland-types that need to be added to the region's reserve system. The flexibility offered by our approach to gapidentification will allow the system to be developed in conjunction with other components of the region's socio-economic framework.
In several cases, the terrestrial and wetland reserves specified in 'Results' (above) belong to the same landscape catena, so wetland and terrestrial requirements can be encompassed in the same reserves when boundaries are defined on the ground. The Pimbee Pastoral Lease, purchased for conservation purposes by the Western Australian Government in 1999, is an example. It includes examples of terrestrial community-4, several large claypans belonging to wetland group-VIII, and 15 km of Wooramel River frontage (terrestrial community-I) including Calytharra Pool (wetland group-VI). Table 3 is a list of terrestrial communities and wetland-types that belong to the same landscape catena, and includes our reserve recommendations.
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Climatic estimates derived from ANUCLIM (McMahon et al., 1995) for the 63 terrestrial sites sampled during the biogeographic survey of the southern Camarvon Basin. Quadrat codes consist of two alpha characters signifying the 'campsite' [see Burbidge, McKenzie and Harvey (this volume) for explanationl, followed by a number.
Key to column labels: T = temperature, P =precipitation, Rd = radiation, MI =moisture index; see McMahon et al. (1995) 
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